Embryonic stem cell (ES cell) lines were first generated by culturing mouse inner cell mass (ICM) on feeder layers in 1981 [1] . However, in large domestic animals, attempts to establish ES cell lines from ICM of blastocysts or the later epiblast have not been successful. This has hindered the efficient production of genetically modified livestocks by using ES-based approaches. Recently, it was found that ectopic expression of various combinations of transcription factors is able to reprogram somatic cells to a pluripotent state [2] [3] [4] [5] . These induced pluripotent stem (iPS) cells show similarities to embryo-derived ES cells and can be used to produce viable mice through tetraploid complementation [6, 7] . So far, iPS cells of several mammalian species have been successfully generated [2, 3, [8] [9] [10] [11] [12] . In this letter, we report the first establishment of bovine iPS cells using defined transcription factors and a modified culture medium.
Generation of induced pluripotent stem cells from bovine embryonic fibroblast cells
). On day 21-35, colonies were isolated mechanically using a 200 µl pipette and transferred to feeder-coated tissue culture dishes. The biPS cells were split with trypsin at a ratio of 1:10 every 4-5 days afterwards (Supplementary information, Data S1). A total of 26 b6TF-derived colonies have been expanded into biPS cell lines. These lines maintained good ES-like morphology for more than 16 passages. However, none of the colonies generated by b4TF or h4TF could be passaged more than six times. Importantly, we showed that the combination of six transcription factors (b6TF set) significantly increased the efficiency of iPS cell generation (by three-fold) compared to the other two combinations ( Figure 1C) .
We tested eight different types of biPS culture media (Supplementary information, Table S1 ) by assessing the numbers of ES-like colonies obtained from b6TF-transduced BEFs on day 28. Three out of the eight media could efficiently generate biPS cells (Supplementary information, Figure S1 ). Our results suggested that knockout serum replacement and basic fibroblast growth factor are optimal for biPS cell generation. In addition, we found that DMEM as basic medium could greatly improve the reprogramming efficiency. When DMEM is replaced with knockout DMEM, we observed decreased efficiency of ES-like colony formation (data not shown). In summary, the optimal culture medium for biPS cell generation is composed of DMEM supplemented with 20% knockout serum replacement, 2 mM l-glutamine, 1% non-essential amino acids, 0.1 mM β-mercaptoethanol and 4 ng/ml bFGF.
Karyotype analysis showed that our biPS cells maintained a normal karyotype: 60, XY. The pluripotent characteristics of our biPS cells were clearly not associated with accumulation of chromosomal abnormalities ( Figure 1D) . As revealed by quantitative PCR, expression of endogenous OCT4 and SOX2 was reactivated in our biPS cells ( Figure 1E ). We did not see any significant increase in endogenous NANOG expression (Supplementary information, Figure S2 ). Moreover, we noticed that the exogenous transgenes continued to be co-expressed along with their bovine orthologs in reprogrammed biPS cells (data not shown). This is consistent with other studies that also described the incomplete transgene silencing in pig iPS cells [10] . The biPS cells are positive for alkaline phosphatase, SSEA1, NANOG, and SOX2, but are weakly positive for SSEA4, and are negative for Tra-1-60 and TRA-1-81 ( Figure 1F and Supplementary information, Data S1). These immunofluorescent stain- Figure S3 ). We then examined the differentiation ability of the biPS cells in vitro and in vivo to confirm their potential as pluripotent stem cells (Supplementary information, Data S1). We found that the biPS cells cultured in biPS medium without LIF and bFGF on a non-adhesive petri dish ( Figure 1G -i) were able to form typical embryoid bodies (EBs). After growing in suspension for 5 days, the EBs were replated in adherent conditions to induce further differentiation. Immunostaining on the differentiated structures showed that biPS cells could differentiate into endoderm (AFP), mesoderm (α-SMA), and ectoderm (GFAP) derivatives ( Figure 1G -ii, 1G-iii and 1G-iv). Real-time PCR analysis of EBs confirmed the differentiation ability of the biPS cells in vitro (Supplementary information, Figure S4 ). To test pluripotency in vivo, we transplanted the biPS cells into the renal capsule of NOD/SCID mice. At 9 weeks after injection, we observed tumor formation. Histological examination showed that biPS cells formed teratoma consisting of three basic germ layers ( Figure 1H ).
Since biPS cells have long lifespan when cultured in vitro, it could provide a better nucleus-donor resource for the production of genetically modified cattle. We used somatic cell nuclear transfer (SCNT) technique to test this potential. We succeeded in using three biPS cell lines as donors to produce reconstructed embryos (Supplementary information, Data S1). There was no significant difference between biPSCs-derived SCNT blastocysts (named 6TF-2-blastocysts, 6TF-4-blastocysts, and 6TF-16-blastocysts, respectively) and BEFs-derived SCNT blastocysts (BEF-blastocysts) in morphology ( Figure 1I i), and cell numbers of 7.5-day embryos (170 ± 20.46 vs 159 ± 20.44, n > 5, P > 0.05). We tested the expression levels of exogenous genes in cloned embryos and found that all the transgenes were shut down ( Figure 1I-ii) . This suggested that our biPS cells could be used as nucleardonor resource to produce cloned animal breeds.
In summary, we have successfully generated biPS cell lines from bovine embryonic fibroblast cells by the transduction of six bovine transcription factors. Knockout serum replacement and basic fibroblast growth factor are optimal for the induction. Our biPS cells exhibit a mouse ES-like morphology. They are alkaline phosphatase positive, and express pluripotent markers such as SSEA1, SOX2, and NANOG. Karyotyping analysis demonstrated that biPS cells showed a normal chromosome number. Furthermore, the biPS cells can differentiate to three basic germ layers in vitro and in vivo. For practical applications, our biPS cells can be used as SCNT donor cells to produce genetically modified breeds. Finally, the successful generation of biPS cells will facilitate the establishment of bovine ES cell lines in the future. 
